ercise: EF decreased from 48% at rest to 36% during exercise (P < 0.001). EF increased in all normal subjects from an average of 58% at rest to 71% during exercise (P < 0.001). In all CAD patients TNG reduced exercise-induced regional wall abnormalities and increased EF attained during exercise from an average of 36 to 48% (P < 0.001). EF in normal subjects was unchanged by TNG. Thus, exercise can cause abnormalities in left ventricular regional function and ejection fraction in patients with or without symptoms; these abnormalities can be mitigated by prophylactic TNG.
nitroglycerin on myocardial dysfunction induced by exercise in both symptomatic and asymptomatic patients.
Methods
We performed studies in 45 men and two women, 39 to 68 years of age, admitted to the National Heart, Lung, and Blood Institute for evaluation of possible coronary artery disease (CAD) . No other cardiac abnormality was present in any patient. All studies were performed at least 48 hours after cessation of propranolol, and at least four hours after nitroglycerin administration. Each patient underwent coronary arteriography and contrast left ventriculography at rest8' within two days after radionuclide scintigraphy. All patients admitted to the Institute between April 1976 and January 1977 were included in the present study if on contrast angiography they had . 50% stenosis of at least one coronary artery and did not require continuous propranolol while in the hospital. Of the 47 patients with CAD: 1) 37 had experienced angina pectoris up until the time of admission and 33 of these patients developed angina during exercise scintigraphy; the other four patients did not develop angina during exercise scintigraphy; 2) seven had a history of angina pectoris, myocardial infarction or both, but were without symptoms for at least two months prior to admission; none of these patients developed symptoms during exercise scintigraphy; 3) three patients with angiographically demonstrated CAD had no history of angina or myocardial infarction. Each of these three had been admitted for coronary arteriography as part of other research protocols. These patients also did not develop symptoms during exercise scintigraphy. In this study, then, 14 patients did not develop symptoms when radionuclide cineangiography was performed during exercise; this group will be referred to as the asymptomatic group.
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In addition, 25 normal subjects, 35 to 63 years of age, without clinical, electrocardiographic or echocardiographic evidence of cardiovascular or other systemic disease were studied. Each normal subject had normal left ventricular systolic function at rest, as evidenced by an ejection fraction of > 60% by echocardiography.'0 Gated cardiac scintigraphy was performed with subjects in the supine position at rest and during exercise as previously described.5 In this procedure, human serum albumin labeled with 10 mCi of radioactive technetium (Tc99m) is administered intravenously. After the tracer has equilibrated in the blood pool, a conventional Anger camera (field of view = 254 mm diameter), equipped with a highsensitivity parallel hole collimator, is oriented in the modified left anterior oblique position1 2 (to isolate the left ventricle in the field of view) for imaging both at rest and during exercise. Imaging is accomplished by the use of our previously described computer-based electrocardiographically-gated procedure,', 11 which has been modified to reduce data processing time and the interval required to achieve statistical reliability. 4 5,12 The spatial resolution of this system is one centimeter.
When this procedure is employed, data are collected and concurrently organized into a series of images (framing rate up to 100 frames/sec) residing in the core memory of the computer and spanning the average cardiac cycle. While data are being acquired, these images can be displayed in rapid sequence, that is, in endless-loop flicker-free movie format, so that qualitative information regarding spatial and temporal variations of the cardiac chambers is immediately accessible. Visually interpretable information is produced within 30 seconds of the onset of data collection, and statistically reliable results within one to two minutes. 4 12 The rapidity of data collection permits the procedure to be applied to studies during exercise, even in patients with coronary artery disease in whom exercise-induced ischemia and angina might preclude prolonged exercise and imaging.5
While the cardiac images are being created, the computer simultaneously analyzes the acquired data to produce a time-activity curve with high (10 msec) temporal resolution.', 11, 12 Corrections for background activity are made as previously described.', 11 Since blood radioactivity is proportional to blood volume, after correction for background the time-activity curve in fact represents a measure of left ventricular volume versus time. Therefore, once the physician has identified the left ventricle in the enddiastolic movie frame, quantitation of left ventricular volume change with time can be performed.
Statistically reliable information is obtained by summing the radioactivity in the ventricle during many beats. After each cardiac cycle the length of the RR interval is automatically examined to determine if it lies within a physician-selected temporal beat-length "window." Cycles falling outside this window are rejected to prevent distortion of the time-activity curve by premature beats. The movie can be similarly windowed. Ejection fractions obtained by this method show excellent correlation with those obtained by contrast angiography with the patient at rest (r = 0.92).13
After the images and time-activity curves were obtained at rest, the subjects began to pedal a bicycle ergometer. A restraining harness was employed to prevent significant loads employed had been found at a previous practice session to cause angina within two to six minutes. In normal subjects or in patients without angina, exercise loads were increased in stepwise fashion at two-minute intervals, culminating in loads that produced heart rates previously determined to be maximal for each subject. Subjects then exercised until limited by fatigue. Imaging was begun when the heart rate reached 5 to 10 beats per minute below the rate previously associated with angina or, in patients without angina, 10 beats per minute below maximal heart rate.
Imaging continued for at least two minutes, until development of fatigue or typical angina of severity customarily causing the patient to stop exercising. Since symptoms most often developed and exercise was stopped at heart rates considerably lower than those reached by normal subjects at peak exercise, imaging and analysis were undertaken in normal subjects at several intervals during exercise at submaximal as well as maximal heart rates. In all subjects, heart rate and blood pressure, obtained by sphygmomanometry, were recorded.
It might be anticipated that patient motion during exercise could distort images and obscure wall motion. However, this is not a practical problem when the technique is used in performing qualitative estimation of function of large regions of the left ventricle. That this is true is indicated by 1) the previously demonstrated accuracy of wall motion analysis with this technique in indicating the presence or absence of coronary artery disease in a given patient (that is, in separating normal from abnormal5 7) and 2) the very good correlation between the presence of a regional abnormality during exercise and the presence of a 2 50% stenosis of the coronary artery supplying this region, with no false positives having been noted.5 As noted above, patient motion is minimized with the use of a restraining harness. When this method is employed the amount of movement of two cobalt line sources placed on the subject's chest is within the limits of spatial resolution of the method. That is, when the two line sources are placed one cm apart, they can be perceived as separate as easily during exercise as at rest; hence, perception of differences in motion is at most minimal when studies at rest and during exercise are compared." Moreover, with the radionuclide technique, visual perception of regional function depends not only on perception of edge motion, but also on perception of volume change (brightness of the image) in the region adjacent to the edge (the latter change being relatively great in association with relatively small changes in edge motion); therefore absence of high spatial resolution is not an important limitation with the radionuclide technique.
After the initial rest and exercise studies, patients and normal subjects were allowed to rest for 30 to 40 minutes, after which another movie was taken during rest; 0.4 mg of nitroglycerin was then administered sublingually to 28 patients and 11 normal subjects. If resting heart rate manifested a sustained increase of > 5 beats/minute within [3] [4] 
Results
Abnormalities in regional function were present at rest in 17 patients and absent in 30. During exercise, at least one new region of dysfunction appeared in all those with normal ventricles at rest; moreover, at least one new or intensified region of dysfunction appeared during exercise in all but seven of those in whom regional abnormalities were noted at rest. (In the remaining seven who were abnormal at rest, changes in regional function from rest to exercise could not be detected, though ejection fraction fell during exercise.) This was true not only in those patients who developed angina during exercise, but also in all 14 patients who did not develop angina. Six of the latter group had normal ventricles at rest. The mean regional function index for all 47 patients was 1.5 at rest and 3.0 with exercise (P < 0.001). In all cases coronary arteriography revealed stenosis of > 50% in coronary arteries supplying regions noted to function abnormally on radionuclide cineangiography. No region supplied by a normal coronary artery was found to be abnormal. None of the normal subjects manifested regional abnormalities either at rest or during exercise.
Exercise also caused changes in left ventricular ejection fraction. Directional changes in ejection fraction correlated well with the presence or absence of regional dysfunction ( fig. 1 ). Thus, in normal subjects, none of whom had regional dysfunction, ejection fraction increased significantly from rest to exercise with a significant (P < 0.001) rise noted no matter which of the three levels of exercise was employed (average ejection fraction = 57 + I (SE) % at rest, 66 + 6% at HR 90-105, 69 ± 7% at HR 105-120 and 71 ± 2% at maximal exercise). In contrast, ejection fraction fell from rest to exercise in 42 of the 47 patients (P < 0.001). (All 47 had regional abnormalities.) For the entire group, ejection fraction at rest was 48% and fell to 36% with exercise (P < 0.001 as compared with rest and with the change from rest to exercise in normal subjects). In four of the 47 patients, ejection fraction rose slightly during exercise, but each of these four patients had an easily recognized region of dysfunction that appeared with exercise. In one patient ejection fraction did not change from rest to exercise. Only two of the patients with CAD developed ejection fractions during exercise that were in the range attained by the normal subjects. Again, however, both developed a regional wall abnormality during exercise. (Normal subjects developed ejection fractions of 58% to 93% during exercise; no ejection fraction below 58% was recorded in this group at any of the three levels of exercise at which assessments were made.) Each of the 14 patients who did not develop angina during exercise testing demonstrated regional dysfunction; 13 experienced a reduction in left ventricular ejection fraction with exercise. The one asymptomatic patient in whom ejection fraction rose (to 34%) had a 32% ejection fraction at rest with marked wall motion abnormalities at rest and during exercise.
When nitroglycerin was administered, regional function at rest improved in patients with CAD, as noted previously by others. For those with regional dysfunction at rest, the regional function index at rest before nitroglycerin was 3.0 and was 2.5 after nitroglycerin (P < 0.001). In addition, with exercise a marked improvement in regional left ventricular function was noted after nitroglycerin as compared with exercise before nitroglycerin. For all 47 patients regional function index was 3.0 during exercise before nitroglycerin and 1.5 during exercise after nitroglycerin (P < 0.001; figs. 2 and 3a). In normal subjects no abnormalities in regional function were noted after nitroglycerin.
Improvement in ejection fraction accompanied the reduction in regional dysfunction in patients with CAD. At rest, left ventricular ejection fraction rose from an average of 45% before nitroglycerin to an average of 50% (P < 0.02) after nitroglycerin. During exercise (figs. 3b and 4) the improvement was more striking: average ejection fraction during exercise after nitroglycerin was 48%, significantly higher than during exercise before nitroglycerin (average ejection fraction 36%, P < 0.001 as compared with exercise after nitroglycerin). In normal subjects, at rest, ejection fraction invariably rose after nitroglycerin (average 57% without nitroglycerin and 68% with nitroglycerin, P < 0.001). However, during exercise ejection fraction was unaltered by nitroglycerin. This result is significantly different from that found in the group of patients with CAD (P < 0.001, fig. 4) .
Among the eight patients with CAD in whom rest and exercise studies were repeated without nitroglycerin neither the regional function index nor the ejection fraction during the second exercise was significantly different from the values obtained during the first exercise ( fig. 5) . Similarly, ejection fraction did not change significantly in the nine normal subjects in whom exercise was repeated without nitroglycerin ( fig. 5 ).
As per the protocol requirements, heart rate invariably increased at rest with nitroglycerin in patients and normal subjects. In patients with CAD, heart rate at maximum exercise was slightly but significantly higher after nitroglycerin, as compared with exercise prior to nitroglycerin (112 beats/minute versus 116, P < 0.02). Systolic arterial blood pressure response during exercise was modestly but significantly reduced after nitroglycerin (158 mm Hg vs 147 mm Hg, P < 0.01).
Discussion
Several conclusions can be drawn from our results. First, the data indicate that radionuclide cineangiography is a sensitive method for determining the presence of functionally important stenoses of the coronary arteries. Abnormalities in regional function were noted during exercise in all 47 patients who had narrowing of . 50% of at least one major 
